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Abstract
Changes in gene expression of Mexican lime plants in response to infection with a severe (T305) or a mild (T385) isolate of Citrus tristeza virus
(CTV)were analyzed using a cDNAmicroarray containing 12,672 probes to 6875 different citrus genes. Statistically significant (Pb0.01) expression
changes of 334 genes were detected in response to infection with isolate T305, whereas infection with T385 induced no significant change. Induced
genes included 145 without significant similarity with known sequences and 189 that were classified in seven functional categories. Genes related
with response to stress and defense were the main category and included 28% of the genes induced. Selected transcription changes detected by
microarray analysis were confirmed by quantitative real-time RT-PCR. Changes detected in the transcriptome upon infecting lime with T305 may be
associated either with symptom expression, with a strain-specific defense mechanism, or with a general response to stress.
© 2007 Elsevier Inc. All rights reserved.Keywords: CTV; Defense response; Gene expression; Mexican lime; Microarray; Symptom expressionIntroduction
Viruses are obligate cellular parasites that depend on the host
cellular machinery to complete their biological cycle. Successful
infection of a plant by a virus requires different compatible
interactions between host and viral factors in a complex multi-
step process that includes expression and replication of the viral
genome, cell-to-cell movement and long distance translocation
through the plant vascular system (Maule et al., 2002). Plants
protect themselves against viruses using a range of defense
mechanisms such as: barriers to virus entry or movement, gene
for gene resistance or post-transcriptional gene silencing. On the
other hand, viruses have evolved counter-defense mechanisms
to avoid the silencing response of the plant that often alter plant⁎ Corresponding author. Fax: +34 96 342 4001.
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doi:10.1016/j.virol.2007.05.025developmental processes (Voinnet, 2005). This means that virus
infection may induce changes in plant gene expression
associated with those physiological and cellular alterations.
Citrus tristeza virus (CTV), the most economically important
virus affecting citrus, is a member of the genus Closterovirus
within the family Closteroviridae. This family of phloem-
restricted viruses is characterized by large RNA genomes with a
conserved module of five genes encoding proteins involved in
virion assembly and transport. These proteins include a trans-
membrane protein, a homologue of the HSP70 plant chaperones,
two diverged copies of the capsid protein (CP), and an additional
protein also regarded as a diverged CP copy (Dolja et al., 2006).
CTV virions are flexuous filaments of 2000×11 nm in size
composed of a single-stranded, positive-sense, genomic RNA
(gRNA) of ∼20 kb and two CPs of 25 kDa and 27 kDa, the first
coating most of the gRNA and the second the ∼630 5′-terminal
nt (Satyanarayana et al., 2004). The gRNA has 12 open reading
frames (ORFs) and untranslated regions at the 5′ and 3′ ends
(Karasev et al., 1995). In the 5′ half of the genome, the ORF1a
encodes a 349-kDa polyprotein with papain-protease, helicase-
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codes a protein with RNA-dependent RNA polymerase (RdRp)
domains, that is translated by a (+1) ribosomal frameshift. The
ten 3′ proximal ORFs are expressed via 3′ co-terminal
subgenomic RNAs (Ayllón et al., 2003; Hilf et al., 1995) and
they encode the minor andmajor CP (p27 and p25, respectively),
and proteins p33, p6, p65, p61, p18, p13, p20 and p23 (Karasev
et al., 1995). Proteins p6, p65, p61, p27 and p25 are part of the
conserved module involved in virion assembly and transport
(Satyanarayana et al., 2000), p20 accumulates in amorphous
inclusion bodies (Gowda et al., 2000), and p23, an RNA-binding
protein (López et al., 2000), controls asymmetrical accumulation
of plus and minus strands during RNA replication (Satyanar-
ayana et al., 2002). Proteins p23, p20 and p25 may act as RNA
silencing suppressors in Nicotiana tabacum and Nicotiana
benthamiana plants (Lu et al., 2004). The functions of p33, p13
and p18 remain unknown.
Symptoms induced by CTV depend on virus strain and citrus
species or scion–rootstock combinations. Many CTV isolates
induce decline and death of trees propagated on sour orange
(Citrus aurantium L.) rootstock (tristeza disease) and vein
clearing and stem pitting on Mexican lime (C. aurantifolia
[Christm.] Swing.), a sensitive citrus species that has been used
as indicator plant for diagnostic and characterization purposes.
The molecular determinants for symptom expression have not
yet been established, although ectopic expression of the p23
protein in several citrus species induces an abnormal phenotype
resembling leaf symptoms caused by CTV in Mexican lime
(Fagoaga et al., 2005; Ghorbel et al., 2001). On the host side,
early observations on tristeza-declined sweet orange (C. sinensis
(L.) Osb.) trees propagated on sour orange rootstock showed
alteration of different enzymatic activities in the bark phloem of
sweet orange (Beltrán et al., 1976a,b) and reduced accumulation
of a 20-kDa protein in the bark of sour orange rootstock (Moreno
et al., 1989). However, the ultimate causes underlying those
effects have not yet been studied.
DNA microarray techniques provide a sensitive and reliable
tool to examine the global effects on host gene expression of a
range of biological processes like circadian clock, plant defense,
environmental stress response, fruit ripening and others
(Aharoni and Vorst, 2001). This technology has been used to
identify cellular genes that are differentially expressed in
response to infection with several fungi, animal and human
viruses (Allen and Nuss, 2004; Grinde et al., 2007; Ray and
Enquist, 2004). However, data on the effects of viral infection on
gene expression of susceptible host plants are restricted to a few
viruses in model plants like Arabidopsis thaliana or N.
benthamiana (Golem and Culver, 2003; Marathe et al., 2004;
Senthil et al., 2005; Whitham et al., 2003). In this work we have
analyzed the effects of a mild and a severe CTV isolate on gene
expression of Mexican lime plants, their natural host, using a
cDNA microarray platform (7K Citrus chip) developed within
the Spanish Citrus Functional Genomic Project (CFGP; http://
citrusgenomics.ibmcp-ivia.upv.es) that includes 12,672 spots
corresponding to 6875 different genes (Forment et al., 2005).We
have identified and functionally classified genes that are
differentially expressed in healthy and CTV-infected lime plants.Results and discussion
Assessment of the experimental system
Since CTV is phloem-restricted it was assumed that changes
in the transcriptome after virus infection would be better
detected in young bark, a phloem-rich plant part with high CTV
accumulation. Bark sampling was performed 8 months after
inoculation to minimize variations derived from uneven spread
of sequence variants within infected plants (Moreno et al., 1993).
Tissue from the four healthy limes was pooled before RNA
extraction and used as a uniform control sample, whereas RNA
from infected plants was processed individually to consider
effects derived from potential changes in the viral population
after transmission to a new host (Ayllón et al., 2006). To account
for inconsistencies in labeling with Cy3 and Cy5, each RNA
sample was used to generate two sets of cDNAs reciprocally
labeled (Cy3 healthy/Cy5-infected and Cy3-infected/Cy5
healthy). Therefore, the whole experiment initially comprised
hybridization with twenty microarrays, ten for each virus isolate,
including five biological replicates, each technically duplicated
by dye swapping.
Evaluation of hybridization data for overall signal intensity,
uniformity of the expression ratio over the chip surface, and
normality of M-value distributions led to elimination of data
from two sub-optimal microarrays hybridized with cDNA
obtained from T305-infected limes, with data from the re-
maining eighteen microarrays being pre-processed and normal-
ized for further analyses. Quality of normalized data was also
assessed considering reproducibility of different replicates. The
average coefficient of variance of the expression ratios yielded
by different spots of the same gene in individual hybridizations
was 13%, whereas the average coefficient of variance for the
whole data set was 30%. The overall correlation coefficient
between arrays was 0.81 for technical replicates and 0.71 for
biological replicates (Fig. 1). These parameters indicate that our
experimental system provides consistent signals in spots cor-
responding to the same gene and acceptable variability between
technical and biological replicates.
Identification of genes differentially expressed after CTV
infection
To assess differential gene expression between CTV-infected
and control plants, a gene-wise linear model was fit for the
treatment effect (infection with isolates T385 or T305) and the
significance of the regression coefficients was evaluated. A
gene was considered differentially expressed when: (i) its
expression ratio in CTV-infected and in non-inoculated control
plants was significantly different (FDR-adjusted P-valueb
0.01), and (ii) its M-value was ≥0.5. Using these criteria,
lime plants infected with the severe isolate T305 showed dif-
ferential expression of genes hybridizing with 490 probes of the
microarray, whereas plants infected with the mild isolate T385
did not show significant changes in gene expression. This latter
result could be due in part to the stringent conditions established
to accept differential expression of a gene if changes triggered
Table 1
Changes in gene expression estimated by microarray hybridization and by
quantitative real-time RT-PCR
Gene Microarray
(M-value) a
RT-PCRb
Miraculin-like protein 2 [Citrus paradisi] +1.76 +7.37
VSP1 (Vegetative storage protein 1);
acid phosphatase
+1.07 +1.77
Transducin/WD-40 repeat protein family −1.01 −0.20
Senescence-associated protein [Pisum sativum] −1.21 −0.34
Histone acetyltransferase HAT-B 0 +0.2
Putative peroxidase ATP2a 0 +0.1
a M-value is the base two logarithm of the ratio between the background-
subtracted foreground intensity measured in the red and the green channels. This
value represented the average fold change for ten hybridizations from 5 dye-
swap experiments.
b Average fold change estimated from three independent RT-PCR reactions
using total RNA and the constitutively expressed actin gene as internal standard.
Total RNA in each tube was equalized determining the amount of RNA by the
Ribogreen method.
Fig. 1. Scatter plot analysis of the M-values obtained from microarrays
corresponding to two plants infected with CTV isolate T-305 (CVL3R and
CVL2R). Distribution of M-values along the y=x diagonal indicates good
reproducibility of the gene expression signal between biological replicates.
Arrays CVL3R and CVL2R included control sample labeled with Cy3 dye
(green) and infected plants L3 and L2, respectively, labeled with Cy5 dye (red).
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T305. When these conditions were relaxed and we considered
expression ratios significantly different at FDR-adjusted P-
valueb0.05, limes infected with T385 showed induced
expression of genes hybridizing with 30 probes; however,
differences with the control plants were quantitatively low and,
at least for three of these genes, they could not be confirmed by
real-time RT-PCR (data not shown). Therefore, we kept our
previous selection criteria even if some induced genes
potentially important in the plant response to infection by
isolate T385 were missed. The 490 spots showing significant
differences in signal intensity as a result of infection with T305
corresponded to 334 genes, 311 of which were upregulated and
23 downregulated in comparison with healthy control plants
(Table S1). A significant fraction of the genes induced by CTV
infection was detected in more than one spot of the microarray,
further supporting their altered expression.
Differential expression of some genes was confirmed by
quantitative real-time RT-PCR using the same RNA preparations
analyzed in hybridization experiments, and the actin gene as an
internal control. Preliminary experiments indicated that the
expression level of the selected 1R-homologue actin gene was
similar in leaves, bark and roots of lime plants (data not shown),
thus confirming previous results with Poncirus trifoliata and
sour orange (Bernet and Asins, unpublished results). The
relative accumulation of the mRNAs from two genes upregu-
lated (miraculin-like protein 2 and VSP1 acid phosphatase), two
downregulated (a transducin and a putative senescence-
associated protein) and two non-regulated (histone acetyltrans-
ferase HAT-B and a putative peroxidase ATP2a) paralleled that
observed by microarray hybridization, albeit the changes
detected by both procedures were not quantitatively identical
(Table 1). This variation is commonly observed in validation ofmicroarray results by RT-PCR (Allen and Nuss, 2004; López et
al., 2005) and is probably due to intrinsic differences between
both techniques.
Functional classification of genes induced
Out of the 334 genes differentially regulated upon infection
with CTV isolate T305, 145 showed no significant similarity
with other sequences in public databases, and the remaining 189
were annotated with GO terms for functional analysis of the
altered expression profile (Table S1, Fig. 2). Genes without
similarity with other known sequences may be genes specific of
citrus or woody plants, non-protein-coding sequences, or have a
size too small to yield a significant score in the BLASTx search
(Forment et al., 2005).
Response to stress and defense
About 28% of the genes differentially regulated in plants
infected with the CTV isolate T305 were genes associated with
stress from biotic and abiotic stimuli, including plant defense
(Fig. 2). The significant enrichment of induced genes within this
functional category was confirmed by the Fisher's Exact Test.
For example, three chitinases were found upregulated in CTV-
infected lime plants (Table S1). These enzymes are upregulated
by a variety of stress conditions and play a role in plant resis-
tance against diverse pathogens (Kasprzewska, 2003). Chitinase
activity is induced in lemon plants (Citrus limon (L.) Burn. f.)
after fungal infection and it prevents fungal germination and
produces lysis of mycelium (Fanta et al., 2003).
Germins and germin-like proteins, considered a family of
pathogenesis-related proteins, are induced in the resistance
response of plants to viral and bacterial infections (Park et al.,
2004), or against herbivore insects (Lou and Baldwin, 2006). A
germin-like protein was found highly upregulated in lime plants
infected with CTV isolate T305 (Table S1).
Miraculines are highly glycosylated proteins (sweet-pro-
teins) that belong to a family of protease inhibitors. Although
their specific function in the stress response has not yet been
Fig. 2. Distribution of lime genes induced after infection with CTV isolate T305 among functional categories.
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in many compatible pathogen–plant interactions including some
caused by fungi (Tsukuda et al., 2006; Ye et al., 2000) or
nematodes (Brenner et al., 1998). Conversely, reduced expres-
sion of a homologous gene was observed in P. trifoliata (L.) Raf.
and satsuma (Citrus unshiu (Macf.) Marc.) plants under cold
temperature conditions (Lang et al., 2005; Zhang et al., 2005).
Increased expression of three miraculines in CTV-infected limes
might indicate different functions of these proteins under abiotic
or biotic stress. Other genes encoding putative endopeptidase
inhibitors, such as tumor-related proteins or type I proteinase
inhibitor-like proteins, were also found upregulated in infected
limes (Table S1).
S-adenosyl-methionine salicylic acid carboxyl methyltrans-
ferase (SAMT) transcripts accumulated in plants infected with
CTV isolate T305 to a higher level than in control plants. This
gene is typically induced in systemic acquired resistance (SAR)
mediated by salicylic acid (SA) (Ryals et al., 1996) and
catalyzes formation of methylsalicylate (MSA) from SA (Ross
et al., 1999). Increased MSA levels have been detected in
tobacco plants inoculated with Tobacco mosaic virus (TMV) or
Pseudomonas syringae (Seskar et al., 1998).
As with other plant and animal viruses, CTV infection
induced heat-shock proteins (HSPs) (Table S1) (Aparicio et al.,
2005; Aranda et al., 1996; Aranda and Maule, 1998; Ventelon-
Debout et al., 2004; Whitham et al., 2003). These proteins are a
major class of chaperones involved in responses to abiotic stress
and pathogen attacks. In plants, they are an essential element of
the hypersensitive response mechanism (Kanzaki et al., 2003)
and in defense signaling (Liu et al., 2004; Lu et al., 2003).
Cellular HSPs facilitate cell-to-cell transport of macromolecules
(Aoki et al., 2002) and they are recruited during infection by a
number of viruses to assist genome replication or virion
assembly (Aranda et al., 1996; Cripe et al., 1995; Glotzer et al.,
2000; Wells et al., 1998). Members of the family Closteroviri-
dae encode in their genome proteins homologous to the cellular
HSP70 chaperones. The HSP70 homologues of Beet yellow
virus and CTV have been shown to assist movement of the
virions through plasmodesmata (Prokhnevsky et al., 2002) and
efficient assembly of virions (Satyanarayana et al., 2000),
respectively. However, cooperation of cellular chaperones in
these processes cannot be ruled out.Reactive oxygen species (ROS) are important signaling
molecules that regulate the onset of cell death (Levine et al.,
1994). Activated oxygen or oxygen-free radicals have been
associated with a number of physiological disorders of plants.
Tolerance to these environmental stresses correlates with an
increased production of enzymes involved in detoxification of
ROS (including superoxide dismutases, glutathione-S-trans-
ferases, peroxidases, and lipoxigenases) (Kukavica et al., 2005;
McKersie et al., 1993). ROS have been also associated with
plant response to virus infection (Love et al., 2005; Riedle-
Bauer, 2000), which might explain upregulation of genes
encoding proteins with antioxidant activity in our CTV-infected
plants (Table S1) and in other situations (Clarke et al., 2002;
Riedle-Bauer, 2000). Superoxide dismutase catalyzes reduction
of superoxide anions to hydrogen peroxide (H2O2), thereby
reducing the amount of ROS in the cell. Glutathione-S-
transferases (GST) are a superfamily of isoenzymes that detoxify
the cellular environment and remove ROS via conjugation of the
reduced glutathione to various harmful ligands, including
phenols and aflatoxins (Sheehan et al., 2001). Microarray
profiling studies in leaves of A. thaliana infected with five
different RNAviruses identified four GST homologues induced
after infection with any of the five viruses (Whitham et al.,
2003). In leaves from Plum pox virus (PPV)-infected apricot cv.
Real Fino, susceptible to PPV infection, lipid peroxidation and
protein oxidation increased and a parallel H2O2 accumulation
was detected by histochemical techniques (DAB staining).
However, no significant changes in those parameters were
observed in leaves of the PPV-resistant cultivar SEO (Hernández
et al., 2006). Upregulation of two genes coding for peroxidases,
three for lipoxygenases, one for superoxide dismutase and three
for GSTs was observed in lime plants infected with CTV isolate
T305 (Table S1).
ACC oxidase, also upregulated in CTV-infected lime plants,
catalyzes oxidative cleavage of 1-aminocyclopropane-1-car-
boxilic acid (ACC) to form ethylene (Zarembinski and
Theologis, 1994). Besides its function in plant growth and
development, ethylene triggers many defense genes and thus it
plays an important role in plant responses to abiotic and biotic
stresses (De Laat and Van Loon, 1983; Ohme-Takagi et al.,
2000; Zhang and Klessig, 1998). ACC oxidase genes from
N. glutinosa and N. tabacum were induced following TMV
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et al., 1995). Also, silencing an ACC oxidase gene of
N. benthamiana increased its susceptibility to Colletotrichum
orbiculare (Shan and Goodwin, 2006).
Finally, two genes were found upregulated in plants infected
with isolate T305 that might be specifically involved in the plant
defense reaction. One of them was CTV.22 (Table S1), a gene of
unknown function that is part of a 282-kbp genomic region
where the Ctv resistance gene that prevents systemic CTV
infection of P. trifoliata has been mapped (Yang et al., 2003).
The second was a putative RNA-dependent RNA polymerase
(RDR) 1. Plants possess a natural defense mechanism against
virus infection, functionally related to post-transcriptional gene
silencing (PTGS), that causes degradation of the genomic viral
RNA, thus slowing down or inhibiting viral infection (Voinnet,
2005). RDR 1 and 6 are required in the cytoplasmic RNA
silencing pathway that silences transgenes and viruses (Baul-
combe, 2004). Antisense-mediated inhibition of RDR1 in N.
tabacum yielded plants more susceptible to TMV and Potato
virus X (PVX) infection (Xie et al., 2001). Also an A. thaliana
mutant expressing a defective RDR1 was more susceptible to
TMV and Tobacco rattle virus (TRV) infection than wild type
plants (Yu et al., 2003). Recently it has been shown that
N. benthamiana lacks RDR1 and is highly susceptible to viruses
whose accumulation is normally limited by this RDR (Yang
et al., 2004).
Metabolism
Several genes associated with energy (12%), protein (16%)
and general metabolism (11%) and with transport and secretory
pathways (13%) were differentially regulated in plants infected
with CTV isolate T305 (Table S1, and Fig. 2). The significant
enrichment of induced genes related with metabolism was
confirmed by the Fisher's Exact Test. Differences in metabolic
processes between healthy and virus-infected tissues, including
sugar and lipid metabolism, rates of photosynthesis, respiration,
and transpiration, were observed in early reports (Matthews,
1991). Simultaneous upregulation in CTV-infected limes of
several genes associated with these processes like chlorophyl-
lase 1, chlorophyll a/b-binding protein, lipid transfer proteins,
sucrose syntethase and others indicated altered metabolism in
those plants.
Induction of genes encoding ribosomal proteins, ubiquitin
ligases and proteases is associated with active synthesis and
degradation of proteins. Ubiquitination is emerging as a
common regulatory mechanism that controls a range of cellular
processes in plants and plays an important role in plant disease
resistance (Devoto et al., 2003). Several putative ubiquitin
ligases have been identified as defense regulators (Devoto et al.,
2003; Kawasaki et al., 2005). Proteases are important effectors
of plant response to stress and pathogens as illustrated by a
papain-like cysteine endoprotease essential for the function of
the tomato Cf-2 gene that confers resistance to Cladosporium
fulvum (Kruger et al., 2002). In this study, lime plants infected
with CTV isolate T305 showed altered expression of many
ribosomal proteins, several ubiquitin ligases and putative pro-
teases like cysteine proteinases, methionine aminopeptidase, apredicted Zn-dependent protease, or protease SppA (Table S1).
Induction of similar genes has also been reported in A. thaliana
infected with Cucumber mosaic virus (CMV) (Marathe et al.,
2004).
Signal transduction and transcription
Genes potentially involved in signal transduction (4%) and
transcription (7%) were also induced in CTV-infected lime
plants (Table S1 and Fig. 2). Most genes classified under signal
transduction were protein kinases, and the majority of genes
classified under nucleic acid transcription were DNA or RNA-
binding proteins and transcription factors. These genes are
candidates for regulating signaling pathways in response to viral
infection.
Conclusions
To our knowledge, this is the first comparative analysis of
transcriptional changes induced in plants infected by a member
of the family Closteroviridae, particularly in woody plants,
using cDNA microarray technology. Our finding that a number
of genes previously reported to be induced by virus infection in
other hosts (Golem and Culver, 2003; Marathe et al., 2004;
Senthil et al., 2005; Whitham et al., 2003) were also induced by
CTV in lime plants support the validity of this approach.
Whitham et al. (2003) found that different RNA viruses may
elicit expression of a common set of genes in a susceptible host,
whereas Senthil et al. (2005) reported common and specific
changes. Here we found differential response of a sensitive
citrus host to pathogenically distinct CTV isolates. Surprisingly,
the asymptomatic isolate T385 did not render detectable
changes in gene expression in Mexican limes, although virus
titer estimated by ELISA in these plants and in those infected
with T305 was similar. At least three reasons might explain in
part this unexpected finding: (i) host genes involved in viral
RNA replication, cell-to-cell movement and long distance
translocation, supposedly acting in virus infection with both
isolates, were not properly represented in the 7K Citrus chip, (ii)
the criteria used in this work to identify induced genes were too
stringent and missed minor changes in gene expression that
could be critical for the indicated processes, or (iii) interference
of CTV-encoded proteins in plant developmental processes
would be more extensive after infection with T305 than with
T385 isolate. It is known that viral silencing suppressors often
interfere these processes by modulating microRNAs accumula-
tion thus causing symptoms (Voinnet, 2005). A specific feature
of CTV is that it encodes three distinct silencing suppressors,
with proteins p23 and p25 inhibiting intracellular and inter-
cellular silencing, respectively, and p20 acting at both levels (Lu
et al., 2004). While transgenic Mexican limes expressing p25
show a normal phenotype (Domínguez et al., 2002), ectopic
expression of p23 induces in lime plants CTV-like foliar symp-
toms whose intensity is associated with p23 accumulation,
regardless the pathogenicity characteristics of the CTV isolate
from which p23 was obtained (Fagoaga et al., 2005). These
findings suggest that symptom intensity, and perhaps the extent
of gene expression changes in infected lime plants, might be
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complex interactions between plant components and the three
silencing suppressors. Future studies comparing the transcrip-
tome of wild lime plants and others ectopically expressing the
CTV silencing suppressors will aid to dissect changes in gene
expression specifically induced by each of these suppressors
and thus to better understand the plant–virus interactions.
Our results demonstrate that infection of a CTV-sensitive
host with a severe CTV isolate induces in the host transcriptome
multiple changes that may be associated with symptom
expression, with a strain-specific virus defense mechanism or
with both factors. Finding that almost 50% of the altered genes
did not show significant similarity with other sequences in
public databases suggests a highly specific plant–virus interac-
tion. The unusually large CTV genome size encoding at least 14
different proteins (Dolja et al., 2006) and its tight association
with citrus (in nature CTV is restricted to the phloem of a few
genera within the family Rutaceae) would be consistent with a
particularly sophisticated interaction and perhaps co-evolution
of virus and host. Data from genomic studies and from reverse
genetic experiments to precisely map the CTV pathogenicity
determinants (Satyanarayana et al., 2001) will be necessary to
properly understand the complex CTV–citrus pathosystem and
develop sustainable management strategies.
Materials and methods
Virus isolates and host
The CTV isolates T385 and T305 used in this study are part
of a collection kept at the Instituto Valenciano de Investiga-
ciones Agrarias (Moncada, Valencia, Spain) and have been
characterized biologically. T385 is a mild isolate that only
induces inconspicuous vein clearing in Mexican lime, whereas
T305 is a severe isolate inducing strong vein clearing and stem
pitting in lime and other citrus species (Moreno et al., 1993).
These isolates are maintained in container-grown sweet orange
plants propagated on Carrizo citrange (C. sinensis×P. trifoliata)
rootstock in an insect-proof screenhouse. For this study, five
Mexican lime seedlings were graft-inoculated with two bark
pieces from plants infected with either CTV isolate or from
healthy plants. Limes were grown in a temperature-controlled
greenhouse (18/26 °C night/day) using an artificial potting mix
(50% sand and 50% peat moss) and a standard fertilizing system
(Arregui et al., 1982). CTV infection was confirmed by ELISA
with monoclonal antibodies 3DF1 and 3CA5 (Vela et al., 1986)
and by symptom expression, before collecting samples.
RNA isolation and labeling
Total RNA from lime plants was extracted about 8 months
after inoculation. Four grams of young bark from healthy or
CTV-infected plants was powdered with liquid nitrogen,
homogenized in 5 ml of TCES buffer (0.2 M Tris–HCl, pH 8,
50 mM EDTA, 0.2 M NaCl, 2% (w/v) SDS), 5 ml of water-
saturated phenol and 25 μl of β-mercaptoethanol, and incu-
bated for 5 min at 50 °C for nucleic acid extraction. Afterlow-speed centrifugation, the aqueous phase was extracted
with chloroform:isoamyl alcohol (24:1 v:v), and nucleic acids
in the resulting aqueous phase were fractionated by addition
of 0.7 volumes of 12 M LiCl. RNA was precipitated over-
night at −20 °C, centrifuged, and, after washing the pellet with
70% (v/v) ethanol, re-suspended in diethyl pyrocarbonate-
treated H2O.
Thirty micrograms of RNA was labeled by reverse trans-
cription (3 h at 42 °C) using Superscript II reverse transcriptase
(Invitrogen), an oligo(dT)24 primer, dATP, dGTP, dCTP, and 5-
(3-aminoallyl)-2-deoxy-UTP (aa-dUTP). Coupling with fluor-
escent Cy3 or Cy5 CyDye NHS-ester (Amersham) was allowed
to proceed for 1 h at room temperature in the dark (Forment et al.,
2005). After precipitation and washing, CyDye-labeled cDNA
was re-suspended in hybridization solution (3× SSC, 0.1% SDS,
and 0.1 mg/ml salmon sperm DNA) and denatured at 95 °C for
60 s before hybridization.
Microarray hybridization
Gene expression analysis was performed with the 7K Citrus
chip, a cDNA microarray developed under the Spanish Citrus
Functional Genomic Project (CFGP; http://citrusgenomics.
ibmcp-ivia.upv.es). This microarray contains 12,672 citrus
probes corresponding to 6875 different genes obtained from
25 cDNA libraries from different tissues, developmental stages,
and plant varieties subjected to several biotic and abiotic
stresses (Forment et al., 2005). Hybridization in chambers
(Olympus) included pre-hybridization in 3× SSC, 0.1% SDS,
and 0.1 mg/ml bovine serum albumin at 50 °C for 60 min, two
rinses with distilled water, and one with 2-propanol followed by
centrifugation at 500 rpm for 5 min to dry the microarrays,
hybridization with CyDye-labeled cDNA at 50 °C for 16 h, and
stepwise washing in 2× SSC plus 0.1% SDS at 42 °C for 5 min,
0.1× SSC plus 0.1% SDS at room temperature for 10 min, 0.1×
SSC at room temperature four times for 1 min, and in 0.01×
SSC for a few seconds. Microarrays were dried by centrifuga-
tion at 500 rpm for 5 min.
Data analysis
A GenePix 4000B microarray scanner (Molecular Devices
Corp.) and the GenePix Pro 4.1 acquisition software were used
to scan microarrays at 5 or 10 μm resolution and acquire
hybridization data. In each measurement, the gain value of
photo-multiplier tubes was adjusted to keep the mean ratio
between intensities of the red and green channels at 1.0. Spot
positions were identified on the high-resolution Tiff images
generated and quality flags were assigned to individual spots
both automatic and manually. Foreground intensity of each spot
was defined as the average intensity of individual pixels within
a circle precisely positioned over the spot, and background
intensity as the median intensity of an identical number of pixels
directly surrounding the spot. Raw data were imported into the
software R package Limma (Smyth, 2005) for pre-processing,
visualization, and statistical analysis. Expression ratio was com-
puted as the ratio between the background-subtracted fore-
304 M. Gandía et al. / Virology 367 (2007) 298–306ground intensities of the red and green channels. M-value was
defined as the base two logarithm of the expression ratio. Arrays
were individually normalized by the printip-loess method and
scaled to have similar M-value distributions (Yang et al., 2002).
A general coefficient of variance for replicates (CVr) was
computed as the average value of the coefficients of variance of
the ratio measurements obtained from spots corresponding to the
same gene in the same treatment. Significance analysis was
performed using the R software from the Bioconductor
repository (www.bioconductor.org). Statistical analysis com-
prised gene-wise estimation and removal of dye-effect, linear fit
on the treatment effect, and eBayes adjustment of significance
(Smyth, 2004). P-values associated to the statistical analysis of
differential expression were corrected for multiple comparisons
using the Benjamini and Holmmer false discovery rate (FDR)
procedure (Reiner et al., 2003).
Functional analysis
Gene ontology (GO) term annotation and function-based
analysis of genes differentially expressed were performed using
the software Blast2go (Conesa et al., 2005). GO terms for each
of the three main categories (biological process, molecular
function, and cellular component) were obtained from sequence
similarity using the application default parameters. Within the
group of differentially expressed genes, the relative importance
of some functional categories was confirmed by comparison of
the ratio of induced versus total genes of this category
represented in the microarray, using the Fisher's Exact Test
(Bluthgen et al., 2005) present in the Blast2go application
(Conesa et al., 2005).
Real-time reverse transcription and polymerase chain reaction
amplification (RT-PCR)
Expression of selected genes in CTV-infected and in
healthy control plants was also estimated by quantitative
real-time RT-PCR using the SYBR Green assay and the
LightCycler System (Roche). RT-PCR was performed with
primers designed by Primer Express R software (Applied
Biosystems) and total RNA preparations treated with TURBO
DNase (Ambion) and adjusted to 10 ng RNA/μl by the
Ribogreen method (Molecular Probes). cDNAwas synthesized
in a 10 μl reaction volume containing 20 ng of DNase-treated
RNA, 3.3 μM each of forward and reverse primers, 1 U of
RNase inhibitor (Applied Biosystems), 2 μl of 5× SYBR
Green Master Mix (Roche), and 2.5 U of MultiScribeTM
reverse transcriptase (Applied Biosystems). The thermal
profile was: 48 °C for 30 min, 95 °C for 10 min, and 40
cycles of 95 °C for 2 s, 60 °C for 10 s, and 72 °C for 15 s
followed by a melting program of 95 °C for 15 s and 42 °C for
1 min. The 1R clone from P. trifoliata obtained by Bernet et al.
(2004) and established previously as internal standard in
analysis of gene expression by quantitative PCR in P. trifoliata
and sour orange (Bernet and Asins, unpublished results) was
used as internal standard in each reaction. All the experiments
were done in duplicate.Acknowledgments
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